The reaction mechanism of BtuCD-F-catalyzed vitamin B12 transport into Escherichia coli is currently unclear. Here we present the structure of the last missing state in the form of AMP-PNP-bound BtuCD, trapped by a disulfide cross-link. Our structural and biochemical data allow a consistent mechanism to be formulated, thus rationalizing the roles of substrate, ATP and substrate-binding protein.
The reaction mechanism of BtuCD-F-catalyzed vitamin B12 transport into Escherichia coli is currently unclear. Here we present the structure of the last missing state in the form of AMP-PNP-bound BtuCD, trapped by a disulfide cross-link. Our structural and biochemical data allow a consistent mechanism to be formulated, thus rationalizing the roles of substrate, ATP and substrate-binding protein.
ABC transporters catalyze ATP hydrolysis-driven transport of diverse substrates across biological membranes 1 . Type II ABC importers, present only in prokaryotes, facilitate the uptake of metal chelates including siderophores, heme and vitamin B12 (ref. 2) , all essential micronutrients whose uptake is critical for the survival or virulence of various pathogens. After the first structure of BtuCD was determined 3 , divergent mechanistic proposals were made, but no consistent mechanism could reconcile the biochemical and structural data of type II ABC importers. Interaction with ATP is central to the mechanism of every ABC transporter. We set out to structurally and biochemically characterize the interaction between nucleotides and BtuCD. We now report the structure of adenylyl imidodiphosphate (AMP-PNP)-bound BtuCD in the absence of BtuF, which probably represents the most populated state of BtuCD in live cells and thus is a crucial intermediate in the transport cycle.
To crystallize AMP-PNP-bound BtuCD, two previously exploited mutations in the BtuD subunit (E159Q and N162C) allowed nucleotidebound BtuD to be trapped in a closed sandwich conformation and the residual ATPase rate to be dramatically reduced 4 . We collected anisotropic X-ray data (2.8-3.7 Å) from three crystals and solved the structure by molecular replacement (Supplementary Table 1) . Clear density for all critical features was visible in the electron density maps (Supplementary Fig. 1 ). The structure of AMP-PNP-bound BtuCD EQNC (Fig. 1) revealed the closed sandwich dimer of the BtuD subunits, with two AMP-PNP-Mg 2+ pairs bound. The coupling helices of BtuC are ~9.4 Å closer in BtuCD EQNC than in the apo structures of BtuCD and BtuCD-F, and the cytoplasmic side of the transport cavity is sealed by cytoplasmic gate II. However, unlike the occluded conformation of AMP-PNP-bound BtuCD EQNC -F, BtuCD EQNC adopts an outward-open conformation reminiscent of that of apo-BtuCD. With respect to the gate positions, the structure of BtuCD EQNC is therefore a hybrid between apo-BtuCD (similar at the periplasmic side) and BtuCD EQNC -F (similar at the cytoplasmic side).
Given that the cytoplasmic concentration of ATP in live cells is in the millimolar range, visualizing the ATP-bound state of BtuCD was essential to formulating a complete B12-transport mechanism. Multiple observations support the notion that the observed structure accurately reflects ATP-bound, wild-type BtuCD. First, the observed BtuD dimer has a similar conformation to other ATP-bound nucleotide-binding domain (NBD) structures. Second, the closing of the cytoplasmic gate II and the simultaneous opening of cytoplasmic gate I (and TM10) were previously observed by EPR spectroscopy of BtuCD in the presence of ATP or AMP-PNP in detergent and in lipid bilayers 5 . Third, EPR spectroscopy previously revealed very minor changes in the conformation of the periplasmic gate upon addition of nucleotide to BtuCD 6 .
To further validate the physiological relevance of our findings, we confirmed that BtuCD EQNC could interact with BtuF similarly to wild-type transporter by performing in vitro binding studies using fluorescein-labeled BtuF (BtuF fluo , Supplementary Fig. 2 ). In microscale thermophoresis (MST) experiments (an equilibrium binding technique), both BtuCD and BtuCD EQNC showed similar affinities for BtuF fluo , with K d values in the nanomolar range. The presence of AMP-PNP did not significantly alter the apparent affinities (Supplementary Fig. 3) . Notably, using sedimentation velocity analytical ultracentrifugation (a nonequilibrium technique), we found that the addition of AMP-PNP appeared to reduce the strength of the BtuCD-BtuF interaction.
Because the interaction of BtuF with BtuCD may be influenced by the lipidic environment, we studied the binding of BtuF fluo to proteoliposome-reconstituted BtuCD ( Supplementary Fig. 4 ). Entrapped AMP-PNP caused a slight increase of liposome-bound BtuF fluo , as compared to that in empty proteoliposomes, whereas ATP (supported by an ATP regeneration system) caused an approximately two-fold increase indicating a higher apparent affinity. BtuF fluo could readily be displaced by unlabeled BtuF, and despite a molar excess of BtuCD only a fraction of total BtuF fluo was bound. In the presence of vitamin B12, the fraction of bound BtuF fluo was reduced, but we observed BtuF fluo binding even in the presence of a 100-fold excess of vitamin B12 over binding protein (with ATP present in the proteoliposome lumen). We also studied the binding of BtuF fluo to nanodisc-reconstituted BtuCD by size-exclusion chromatography and MST ( Supplementary  Fig. 5 ). Incubation of transporter-BtuF fluo mixtures with ATP caused a sizable increase in complex formation compared to that in the absence of nucleotide, thus demonstrating a higher apparent affinity. Moreover, Fig. 5e,f) . We conclude from our binding studies that BtuF does not require an ATP 'trigger' to be released from BtuCD. Rather, ATP promotes docking of B12-loaded BtuF and thus accelerates transport.
The complete mechanism of BtuCD-catalyzed B12 transport ( 7) ), but no direct structural information is available for BtuCD. The inward-facing conformation is probably short lived, relaxing into asymmetric state 4 as soon as B12 is released. It is unclear at present whether peristaltic forces eject the substrate into the cytoplasm or whether it diffuses freely. The relevant point, however, is that the transition to state 4 is not possible while substrate is still present in the central cavity, owing to the size of B12, which prevents it from fitting in the small cavity (Fig. 2) dependent on the local nucleotide concentration in the vicinity of BtuCD in the E. coli inner membrane. State 5 can be reached by dissociation of BtuF and rearrangement of the cytoplasmic gate I to reach a symmetric, outward-facing conformation. Given the high intracellular levels of ATP, state 5 probably rapidly converts to state 1, with the cytoplasmic gates I and II switching positions. In vitro, states 5 and '2-like' are readily formed, and the possibility cannot be excluded that they also occur in vivo 3, 10 . The transitions into these states, specifically between states 4 and 2-like and states 1 and 5, invoke futile ATPase activity (ATP hydrolysis without transport), an inherent inefficiency of the transporter that is consistent with published observations 11 . Futile ATP hydrolysis makes it impossible to accurately determine the stoichiometry of ATP hydrolysis to substrate transport. For one well-coupled system, the OpuA system from Lactococcus lactis, a stoichiometry of two ATPs hydrolyzed per transported substrate was previously determined 12 . We assume that BtuCD, with its two symmetrical and canonical ATPase sites, also hydrolyzes two ATP molecules during each productive transport cycle. BtuCD is part of a high-affinity uptake process in E. coli. The high affinity (nanomolar K d ) and specificity for B12 in the transport step across the inner (plasma) membrane can be exclusively attributed to the binding protein BtuF. Upon docking to BtuCD, its highaffinity pocket for B12 is both distorted and occupied by residues of the periplasmic gate of BtuC. The BtuF-BtuCD interaction is strengthened by ATP binding, but the structural basis of this subtle regulation is currently not understood. The weaker affinity of interaction between BtuF and BtuCD in the lipid bilayer is reminiscent of that of other ABC transporter systems including the maltose transporter (type I ABC transporter 13 ), in which the periplasmic maltose-binding protein stimulates the ATPase activity of the membrane-embedded counterpart, MalFGK 2 , when present at micromolar concentrations 14 . Low-affinity interactions prevent clogging of the transport machinery and ensure efficient turnover. The mechanism of the type II ABC importer presented here complies with these requirements for effective substrate translocation.
MeTHODs
Methods and any associated references are available in the online version of the paper. 
AcKnowLeDgMentS
This work was supported by the Swiss National Science Foundation grants SNF 31003A-116191 and SNF 31003A-146191 to K.P.L. We gratefully acknowledge the assistance of staff scientists at the PX beamline of the Swiss Light Source, Villigen, Switzerland. 
AUtHoR contRIBUtIonS

ONLINe MeTHODs
Protein expression and purification. BtuCD and BtuCD EQNC complexes were purified and oxidized by CuCl 2 (for BtuCD EQNC ) as described previously 4 , in a final buffer of the following composition: 20 mM Tris, pH 7.5, 500 mM NaCl, 0.5 mM EDTA, and 0.1% LDAO. For crystallization, a 3C protease-cleavage step was performed before oxidation. Expression and purification of BtuF and BtuF Q145C followed established procedures 9 . Membrane-scaffold protein for nanodisc reconstitution, MSP1-E3D1 (ref. 15) , was expressed and purified as described previously 15 .
Proteoliposome reconstitution. The procedure for reconstitution of BtuCD into proteoliposomes followed that described previously 4 . Nanodisc reconstitution. Purified BtuCD complex in LDAO was mixed with purified MSP1-E3D1 and lipids (E. coli polar lipids and phosphatidylcholine, 3:1, solubilized in 4% Triton X-100), at final concentrations of 12 µM, 72 µM and 2.5 mM. The concentration of the lipid mixture was estimated on the basis of molecular weights of the major lipid components. The concentration of Triton X-100 was adjusted to 1%. After 30-min incubation at room temperature, the detergent was removed by BioBeads stepwise overnight, with 0.1-0.5 g BioBeads per 1 ml mixture. After detergent removal, the samples were further purified by Ni-NTA by the decahistidine (His 10 ) tag present in the BtuC N terminus and by gel filtration.
Centrifugation-based BtuF binding assays. The ATP-regeneration system was introduced into the lumens of the proteoliposomes by four freeze-thaw cycles and subsequent sonication. BtuF binding was initiated by addition of fluoresceinlabeled BtuF to the BtuCD proteoliposomes and 10-min incubation at room temperature (22 °C) in 20 mM Tris, pH 7.5, 200 mM NaCl, 0.5 mM EDTA, 5 mM MgCl 2 , and 1% BSA. After 10-min centrifugation at 4 °C in a bench-top centrifuge (16,900g) , supernatants were carefully removed, leaving the proteoliposome pellets intact. Pellets were resuspended in 0.5% Triton X-100, and fluorescence associated with the proteoliposomes was measured with a fluorescence plate reader (excitation, 485/20 nm; emission, 528/20 nm; sensitivity, 50-75). For experiments with vitamin B12, pellets were resuspended in 0.5% SDS to avoid fluorescein quenching by vitamin B12 associated with BtuF.
Analytical ultracentrifugation. Analytical centrifugation was performed with a ProteomeLab XL-I analytical centrifuge (Beckman) equipped with a fluorescence-detection system (AVIV Biomedical). Sedimentation velocity experiments were performed with BtuF fluo and BtuCD or BtuCD EQNC in 50 mM Tris, pH 7.5, 500 mM NaCl, 0.5 mM EDTA, and 5 mM MgCl 2 ± 1 mM AMP-PNP, at 10 °C and 50,000 r.p.m., as described previously 16 . Buffer density and viscosity were calculated with SEDNTERP. Sedimentation coefficient traces were calculated with SEDFIT 17 .
Microscale thermophoresis. Microscale thermophoresis was performed with Monolith NT.115 (NanoTemper Technologies), according to the manufacturer's instructions. The results were analyzed with NanoTemper and GraphPad Prism 5 to determine K d values. GraphPad Prism 5 was used to plot the data and perform statistical analysis (one-way ANOVA).
Protein crystallization and data collection. Purified tag-free, cross-linked BtuCD EQNC at 16-20 mg/ml in 20 mM Tris, 500 mM NaCl, 0.5 mM EDTA, 5 mM MgCl 2 , and 2 mM AMP-PNP was mixed 1:1 with reservoir solution containing 100 mM ADA, pH 6.9, 1.2 M NaCl, and 14-18% PEG 2000 MME and crystallized by vapor diffusion in sitting drops. Crystals grew at 10 °C and were cryoprotected by stepwise addition of a harvesting solution containing increasing concentrations of PEG 2000 MME to 30-32% before cooling in liquid nitrogen.
Crystallographic data processing and model building. Data processing was performed with HKL2000 (ref. 18) , and ellipsoidal truncation and anisotropic scaling were performed as previously described 19 . The structure was solved by molecular replacement; model building was performed with Coot 20 and refinement with Phenix 21 (Supplementary Table 1 ).
